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to EGFR-targeted therapy and chemotherapies in GBM patients. 3 Therefore, EGFRvIII-associated signaling events, particularly those for tumor cell migration and invasion, must be elucidated in greater detail to improve treatment strategies.
Aberrant EGFR activation may contribute to tumor progression and invasion through regulation of cell adhesion and migration as well as induction of matrix-degrading proteases. 2, 4 Recent studies have demonstrated that EGFRvIII expression preferentially upregulates multiple molecules and activates functions responsible for tumor invasion. 5 -7 For example, EGFRvIII expression in an ovarian cancer cell line results in aberrant cell spreading and focal adhesion complex formation. 7 GBM cells exhibit enhanced expression of focal adhesion kinase (FAK) relative to normal brain cells, 8 particularly in EGFRvIII overexpressing GBM cells. 9 Furthermore, EGFRvIII can promote cell invasion by activating important downstream protein kinases such as c-Src 10 and PI3K/Akt signaling, especially in tumors with PTEN loss. 11 Moreover, the cross talk between EGFRvIII and FAK 12 or Src family kinases (SFK) promotes EGFR-induced tumor invasion and progression in GBM 10 and other cancers, 6 ,13 thus providing a rationale for combination therapies.
STAT3 activation is another important contributor to tumor progression and invasion in cancers, including GBM.
14 STAT3 can be activated by intrinsic receptor or nonreceptor tyrosine kinases, including EGFR and cytokine receptors, or receptor-associated kinases, such as JAK2 and Src. As a transcription factor, STAT3 regulates the transcription of several genes, including those that function in cell motility. 15 STAT3 is constitutively activated in gliomas and coexists with EGFR expression in 27% of primary highgrade gliomas, 16 acting as an oncogene in EGFRvIII-expressing cells. STAT3 activation is required for the malignant transformation of EGFRvIII-expressing astrocytes, where it physically interacts with EGFRvIII in the nucleus. 17, 18 Furthermore, the bidirectional phosphorylation between EGFR and JAK2 leads to activation of both kinases and consequently the activation of downstream signaling effectors such as MAPK and STAT3. 19 -21 In addition, inhibitors of JAK2, Src, or EGFR have been shown to block STAT3 signaling, inhibit glioma proliferation, and induce apoptosis (alone or in combination). 22 Collectively, the cross talk between dysregulated EGFR and JAK2/STAT3 pathways significantly affects intracellular signaling, which leads to more aggressive tumor behaviors. 16 However, the mechanisms that underlie this cross talk in malignant gliomas remain unknown.
In this study, we demonstrate for the first time that EGFRvIII is actively involved in a focal adhesion complex in which EGFRvIII, JAK2, and STAT3 form an activation loop that promotes GBM cell invasion in vitro and in vivo. Furthermore, treatment with AG490, or WP1066, the JAK2 kinase inhibitors, or JAK2 gene knockdown efficiently disintegrates the complex and suppresses EGFRvIII/Akt/FAK and JAK2/STAT3 signaling pathways, thereby inhibiting tumor cell invasion and tumor progression.
Materials and Methods

Glioblastoma Cell Culture
The GBM cell lines U87MG-vector, U87MG-EGFRvIII, U87MG-EGFRwt, LN229-vector, and LN229-EGFRvIII were established as previously described 23 and maintained in our laboratory. Briefly, full-length cDNAs of EGFRvIII or wild-type EGFR (EGFRwt) were amplified with PSK plasmids (kind gifts from Dr. F. Furnari, Ludwig Institute for Cancer Research, San Diego, California) into the expression vector pcDNA3.1(-) (Invitrogen) before being transfected into either U87MG or LN229 cells with Lipofectamine 2000 (Invitrogen). To establish the GBM cell models (ie, U87-EGFRwt, U87-EGFRvIII, U87-vector, LN229-EGFRvIII, and LN229-vector), stable clones were initially selected using 600 -800 mg/mL of the antibiotic G418 (EMD Biosciences) for 2 -3 weeks and then maintained in 400 mg/mL G418 in high-glucose Dulbecco's modified Eagle's medium (Hyclone) supplemented with 10% fetal bovine serum (FBS; Hyclone) and 1% penicillin/streptomycin at 378C with 5% CO 2. Multiple clones of U87MG and LN229 cells were established that stably expressed EGFRwt, EGFRvIII, or vector control; the expressions were verified by RT-PCR and Western blotting. Clone 1 of the established U87MG-EGFRvIII cells that expressed the highest level of the mutant receptor was used for most of the experiments; some of the major findings were verified in other clones of U87MG or LN229 cells.
Microarrays and Gene Expression Analysis
Total RNA was extracted from cells using TRIzol reagent (Invitrogen). An Agilent Gene Expression array (KangChen Bio-tech Inc.) was used to investigate the transcriptional profiles of the U87MG-vector and -EGFRvIII cells; the array represented more than 41 000 transcripts (http://www.kangchen.com.cn). The microarray datasets were normalized in GeneSpring GX using the Agilent FE one-color scenario (mainly quantile normalization). Differentially expressed genes were identified through foldchange screening. The Gene Ontology (GO) biological process and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis were performed using the Database for Annotation, Visualization and Integrated Discovery 6.7, (DAVID; http:// david.abcc.ncifcrf.gov/) 24 and were ranked by P values.
Antibodies and Reagents
All antibodies were obtained from Cell Signaling Technology except the anti-EGFR and anti-paxillin antibodies, which were purchased from Invitrogen. The molecular-targeted inhibitors and fluorescein isothiocyanate-labeled phalloidin were purchased from Sigma, and WP1066 was purchased from EMD Chemicals. All inhibitors were dissolved in dimethyl sulfoxide (DMSO) and stored at the concentration of 10 -100 mM according to their instructions.
Wound-healing Assays
The cells were seeded in 6-well plates at 70% -80% confluence and starved in serum-free medium for 12 hours. A "wounding" line was scratched into the cell monolayer with a sterile 20 mL pipet tip. The cells were washed with phosphate-buffered saline to remove the detached cells. The serum-free growth medium with or without respective inhibitors was added to the plates. The cells were then incubated at 378C for 24 hours; the migrated cells were monitored with a Nikon ECLIPSE Ti-s inverted microscope and counted in 6 randomly selected fields to quantify the relative cell migration rates with or without treatment. The experiments were performed at least 3 times.
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Transwell Invasion Assays
Transwell filters (8 mm pore size; Corning) were precoated with Matrigel (BD Biosciences) in a 24-well plate. After the cells were serum-starved for 12 hours, 4 × 10 4 GBM cells in 100 mL of serumfree medium were seeded into the upper chamber. The lower chamber was filled with 600 mL of medium containing 5% fetal bovine serum supplemented with or without inhibitor drugs. After 24 hours of incubation, the cells were removed from the upper surface. 25 The cells on the lower surface were stained with 5% crystal violet (Sigma) and counted in 6 randomly selected fields to quantify the cell invasion rates with or without treatment. All experiments were performed independently at least 3 times.
siRNA Transfection and Gene Knockdown Assays
The cells were seeded in 6-well plates at 70% -80% confluence. A nontargeting siRNA scramble control and siRNA targeting at either of EGFRvIII (Invitrogen), JAK2 (Genepharma), or STAT3 (Genepharma) were transfected into U87MG-EGFRvIII cells using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. The cells were harvested for real-time RT-PCR, Western blotting assays, or transwell invasion assays 72 hours post transfection. All experiments were performed independently at least 3 times.
cDNA Preparation and Real-time PCR
Total RNA was extracted from the cultured cells using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. cDNA was reverse-transcribed from 1 mg RNA with a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). To detect the mRNA levels of MMP2 and MMP9, real-time RT-PCR was performed with SYBR Green master mix (Roche). Fold-changes in relative gene expression were calculated by the comparative Ct method (fold change ¼ 2 -△△Ct ). All experiments were performed independently at least 3 times.
Protein Preparation, Immunoprecipitation, and Western Blotting
To prepare whole-cell lysates, cells were harvested using cell lysis buffer (CST) with PMSF (Sigma), pepstatin A (Sigma) and Phos-STOP (Roche). A total of 40 mg of protein from each sample was used for Western blotting analysis. Cytoplasmic and nuclear proteins were extracted using the Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime) according to the manufacturer's instructions. For immunoprecipitation, GBM cells (1 × 10 6 ) were treated with ice-cold radio immunoprecipitation assay (RIPA) buffer (Sigma), and the cells were disrupted by repeated pipetting. One mg of antibody was added to 1 mg of the protein lysate; after 4 hours incubation at 48C, 20 mL of protein A-agarose (Santa Cruz Biotechnology) was added. The samples were then incubated overnight at 48C. After washing with cold RIPA buffer, the immunoprecipitated proteins were eluted for Western blotting. The proteins were separated on an 8%-10% SDS-polyacrylamide gel and electrophoretically transferred onto a nitrocellulose membrane (Millipore). The membranes were blocked with Tris-buffered saline Tween-20 (TBST) containing 5% (w/v) skim milk for 1 hour before incubating overnight at 48C with the primary antibody. After washing with TBST, the membranes were incubated with a horseradish peroxidase-conjugated secondary antibody for 1 hour at room temperature. The signals were visualized using enhanced chemiluminescence (Roche) and exposed to x-ray film. The lanes were quantitated by using Image J.
Immunostaining With Laser-scanning Confocal Imaging
Immunostaining was performed as previously reported. 26 In brief, the cells were grown on glass coverslips in 12-well plates and fixed with 4% paraformaldehyde. The coverslips were then incubated in blocking solution, followed by incubation with the primary antibody at a 1:100 dilution overnight at 48C. FITC-or Alexa fluor-labeled anti-rabbit or anti-mouse antibody was added to the incubation. The nuclei were stained with DAPI (Sigma), and the slides were examined immediately with a Zeiss LSM 510 Meta confocal microscope (Carl Zeiss), and all images were captured using a 63 × oil immersion objective (Plan-Apochromat 63 × /1.40 Oil DIC M27) and processed using LSM Image browser software.
Nude Mouse Glioma Intracranial Models and Treatment
To construct intracranial glioma models, U87MG-vector and -EGFRvIII cells were infected with a luciferase lentivirus (Genepharma) alone or cotransfected with JAK2 shRNA lentivirus (or scramble oligonucleotide lentivirus) and luciferase lentivirus. After a 4-day infection, 5× 10 5 cells were collected and injected into the intracranial striatum of 5-week-old female nu/nu-nude mice with a stereotactic instrument using a previously described guide-screw system. 27, 28 The animals were randomly divided into 8 groups, with 13 mice in each group. Starting on day 4 after tumor cell implantation, the mice injected with U87MG-vector or -EGFRvIII cells alone were treated with 5 mg/kg AG490 in DMSO or with an equal volume of DMSO alone (vehicle control) every other day until 10 doses were given. To acquire tumor growth status in live animals with or without treatment by bioluminescent imaging, the mice were anesthetized, injected intraperitoneally with 50 mg/mL of D-luciferin (Promega), and imaged with the IVIS Imaging System (Caliper Life Sciences) for 10 -120 seconds. Fifteen days after tumor cell implantation, 3 animals from each group were euthanized, and the tumor samples were taken for immunohistochemistry (IHC), hematoxylin and eosin (HE) staining, and Western blotting. The remaining 10 mice in each group were used for survival analysis.
Hematoxylin and Eosin Stain and Immunohistochemistry
Histological sections of the tumor tissue were fixed in 10% neutral buffered formalin for HE staining and IHC analysis. Following paraffin embedding, 5 mm sections were cut and dried, deparaffinized, and rehydrated before the nonspecific binding sites were blocked. For HE staining, the sections were brought to distilled water before the nuclei were stained with hematoxylin; the sections were then rinsed in running tap water and stained with eosin before being dehydrated and mounted. For IHC analysis, the sections were incubated at 48C overnight in a 1:100 dilution with primary antibodies against matrix metalloproteinase-9
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Statistical Analysis
All experiments were repeated independently at least 3 times, and the data were expressed as the mean+standard error of the mean using SPSS. For the survival analysis, the Kaplan-Meier method was used to generate survival curves by GraphPad Prism 5. The log-rank test was used to test the differences in survival times of the different groups. The significance of the differences between groups was determined using a 2-tailed Student' t test at P , .05*, ,.01**, and ,.001***.
Results
Characterized by Alteration of Cell Motility and Inflammation-related Molecules, EGFRvIII Expression Promoted Enhanced Glioblastoma Cell Invasion and Tumor Progression
Previous reports clearly demonstrated that EGFRvIII expression produced an invasive and malignant phenotype in patients with GBM. 5, 6 We previously demonstrated that U87MG-EGFRvIII cells had significantly higher proliferation rates than vector cells. 23 In the present study, wound healing and transwell invasion assays demonstrated that the migration and invasion rates of U87MG-EGFRvIII and LN229-EGFRvIII GBM cells, which express EGFRvIII, were significantly increased compared with those of the respective vector cells (Fig. 1A, S1A) . Moreover, the U87MG-EGFRvIII orthotopic models displayed significantly accelerated tumor progression ( The results of Western blotting showed greatly increased activity of EGFRvIII (140 KD) and its downstream effectors, including ERK, Akt, inflammation-related JAK2/STAT3, NF-kB, and the motility-related Src, FAK in EGFRvIII-cells in vitro. As a wild-type EGFR positive control (170 kD), the protein used was from the epithelial carcinoma cell line A431 and had been stimulated with 50 ng/mL EGF for 15 minutes prior to protein extraction.
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expression of the proteases, such as MMP9 (one of the most recognizable markers for tumor progression and invasion) 29 (Fig. 1C) . The genomic microarray was used to analyze the transcriptome profiles induced by EGFRvIII expression in U87MG cells. A total of 2598 genes were differentially expressed by at least 2-fold between U87MG-EGFRvIII and -vector cells. The differential expression was verified by real-time PCR assays for 78 of the 100 randomly selected genes (data not shown). We next analyzed the biological processes of these 2598 genes using GO or the KEGG pathway database with bioinformatics methods. Among the top 12 most significantly enriched GO terms and/or pathways, 6 GO terms and 4 pathways were related to cell motility. Furthermore, cell responses to environmental stimuli and inflammationassociated events (2 GO terms and 4 pathways), and angiogenesis (3 GO terms) were also prominent (Table 1) . Together, the mRNA profiling revealed that EGFRvIII expression significantly altered cell motility, response to environmental stimuli, and inflammatory properties, as well as other advanced cancer features in U87MG cells.
Western blotting assays confirmed the above findings. Compared with the vector cells, the activation of Akt, ERK1/2, inflammation-related signaling molecules (including JAK2, STAT3, and NF-kB), and cell motility-related molecules (including FAK, Src, and Rac1/Cdc42) was significantly increased in U87MG cells, which expressed different levels of EGFRvIII (Fig. 1D, S1B) . Furthermore, consistent results were obtained in LN229-EGFRvIII as compared with those in LN229-vector cells (Fig. S1C) . However, the p-Akt levels were unchanged in LN229-EGFRvIII cells, which probably occurred because LN229 cells inherently expressed a wild-type PTEN, whereas the U87MG cells harbored mutant PTEN, which may affect Akt activity. 30 Collectively, these data indicated that the expression of mutant EGFRvIII in GBM cells resulted in significant alterations in cancer-related properties such as cell motility and inflammation.
The JAK2/STAT3 Inhibitor Significantly Prevented Glioblastoma Cell Invasion in EGFRvIII-expressing Cells
To select an optimal drug to effectively inhibit cell motility, multiple kinase inhibitors were tested on U87MG-EGFRvIII cells. Among the tested inhibitors, AG490, which targets JAK2/STAT3, 25 was the most efficient at inhibiting cell migration and invasion ( Fig. 2A and B) . Other inhibitors included Tarceva, PI103, rapamycin, U0126, and ammonium pyrrolidine dithiocarbamate (PDTC) and targeted EGFR, PI3K, mTOR, ERK1/2, and NF-kB, respectively. AG490 consistently and efficiently inhibited cell motility in LN229-EGFRvIII and U87MG-EGFRvIII clone 2 cells (Fig. S2) . In contrast, AG490 treatment affected cell migration and invasion only modestly in either U87MG-vector (Fig. 2C -E, P . .05) or LN229-vector (Fig. S2A, S2B , P . .05) cells, which lack EGFRvIII expression. In addition, the same treatment inhibited cell motility to a lesser extent in U87MG-EGFRwt cells, which express wild-type EGFR (Fig. 2C-E) . Furthermore, treatment with WP1066, another JAK2/STAT3 inhibitor and a secondary generation drug of AG490, 31 verified this effect on the inhibition of cell invasion by AG490 in 2 clones of U87MG cells that expressed different levels of EGFRvIII (Fig. S2C, S2D) . Together, these results indicated that the significantly enhanced cell motility induced by EGFRvIII expression in GBM cells may be the most relevant to the cell inflammation-related JAK2/STAT3 signaling pathways.
Further Western blotting analysis demonstrated that AG490 had dose-dependent and sustained inhibitory effects on the activity of EGFRvIII, JAK2/STAT3, and motility-related molecules, such as FAK and Rac1/Cdc42 in U87MG-EGFRvIII cells (Fig. 3A) . After 24 hours of treatment, 50 mM AG490 inhibited p-JAK2 and p-STAT3. This effect was dose-dependent. In addition, AG490 concentrations of 75 mM or higher efficiently diminished EGFRvIII, FAK, and Rac1/Cdc42 activity, while concentrations up to 100 mM efficiently blocked p-Akt (Fig. 3A) . Additional time-course analysis revealed that 100 mM of AG490 stably suppressed the activity of JAK2, STAT3, Akt, FAK, and Rac1/Cdc42 from 2 to 24 hours post treatment, whereas EGFR activity was inhibited after 6 hours of treatment. However, p-Src and p-ERK1/2 were unaffected by treatment, implying that their activities were not affected by inhibition of JAK2/STAT3 signaling (Fig. 3B) . Similar effects were observed in LN229-EGFRvIII cells in response to AG490 treatment (Fig. S3A, S3B ) and in both U87MG-EGFRvIII and LN229-EGFRvIII cells in response to WP1066 treatment (Fig. S3C) .
Moreover, the effects of AG490 treatment on relevant molecules were examined in U87MG-vector and -EGFRwt cells. Although AG490 treatment moderately decreased p-STAT3 level (Fig. 3C) . The activity of STAT3, FAK, or ERK1/2 was not affected by AG490 treatment in U87MG-EGFRwt cells (Fig. 3D) . These results may explain why cell motility in U87MG-vector and -EGFRwt cells was less affected by AG490 treatment than that in EGFRvIII-expressing cells (Fig. 2C -E ).
JAK2/STAT3 Inhibition Disrupted the Focal Adhesion Complex Where EGFRvIII, JAK2, and STAT3 Were Actively Involved in U87MG Cells
Along with the greatly increased cell motility in U87MG-EGFRvIII cells, we observed a pronounced change in their cell morphology compared with vector cells (Fig. 4A) . Confocal imaging analysis demonstrated that the EGFRvIII-expressing cells exhibited pronounced F-actin polymerization in their long, abundant filopodia, resulting in an elongated shape and numerous cell-cell contacts. Conversely, cells treated with AG490 displayed a dramatic decrease in filopodia, stress fibers, cell-cell contacts, and FAK distribution away from the cell edges. By contrast, U87MG-vector cells had a substantially more flattened shape, and AG490 treatment had only a slight effect on cell morphology and FAK distribution (Fig. 4B) . The focal adhesion assembly was actively involved in cell shape conformation and motility. 32 Thus, we proposed that EGFRvIII expression in U87MG cells might actively participate in 
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this process. The activated Src, FAK, and Src-FAK complex were the focal points for focal adhesion-associated intracellular signaling which controlled cell shape and motility. 33 Further analysis demonstrated that F-actin colocalized with Src in U87MG-EGFRvIII cells and that the distribution of these proteins was disturbed when the cells were treated with AG490 (Fig. 4C) .
Co-immunoprecipitation with the wild-type EGFR or EGFRvIII revealed a potential connection between either of the receptors and one of the 4 kinases, including Src, FAK, JAK2, and STAT3 (Fig. 4D) . While the co-immunoprecipitation also suggested a link between Src or JAK2 and another kinase (Src, FAK, EGFR, JAK2, or STAT3), these connections could be efficiently disrupted by AG490 (Fig. 4E, S4A ) or WP1066 treatment (Fig. S4B, S4C ) in EGFRvIII-expressing cells. To verify the vital connection between Src-FAK complex and the EGFRvIII-Src-FAK-JAK2-STAT3 focal adhesion complex, U87MG-EGFRvIII cells were treated with the Src kinase inhibitor, PP2. This treatment significantly weakened or abolished the connection between Src and FAK, Src and JAK2, 
Src and STAT3, respectively (Fig. 4F) . By contrast, although wildtype EGFR also formed a complex with Src, JAK2, STAT3 or, to a lesser extent, FAK (Fig. 4D) , AG490 treatment failed to disintegrate the essential Src-FAK complex for focal adhesion formation in U87MG-EGFRwt cells (Fig. 4G) ; such data partially explained why the treatment failed to affect cell motility (Fig. 2C -E) . Taken together, these results indicated that EGFRvIII, JAK2, and STAT3 may attach to the focal adhesions, thereby forming a complex to facilitate cell motility in EGFRvIII-expressing cells, whereas the treatment with JAK2/STAT3 inhibitors destroyed the complex.
The Activation of STAT3 Depended on JAK2 Activity in EGFRvIII-expressing Glioblastoma Cells
To test whether the activation of STAT3, a key downstream effector of EGFR signaling, 2 depended on EGFRvIII activity, the EGFRvIII gene was knocked down by siRNA in U87MG-EGFRvIII cells. Although the effective blockage of EGFRvIII reduced p-JAK2 at Tyr1007/8, the gene knockdown failed to affect STAT3 activity (Fig. 5A) , indicating other routes of STAT3 activation. In addition, the siRNA knockdown did not inhibit cell invasion as effectively as AG490 treatment (Fig. 5B, 2B ). In comparison, JAK2 knockdown by siRNA in the same cells reduced p-STAT3 and cell invasion in a siRNA interference efficiency-dependent manner (Fig. 5C and  D) ; the effective inhibition was similar to that obtained by treating the same cells with AG490 (Fig. 5D, 2B ). These results indicated that JAK2 activity was closely linked to STAT3 activation and cell invasion in U87MG-EGFRvIII cells. Moreover, AG490 not only significantly reduced the levels of p-EGFR, p-JAK2, p-STAT3, and p-FAK in the cytoplasm but also abolished the total and phosphorylated forms of JAK2, STAT3 and, to a lesser extent, EGFR, in the nucleus. However, this treatment did not affect the levels of nuclear FAK, cytoplasmic, and nuclear Src of the phosphorylated and total protein (Fig. 5E) . Confocal imaging analysis confirmed that AG490 treatment significantly decreased STAT3 translocation into the nucleus and disturbed the colocalization of STAT3 and the focal adhesion marker paxillin 34 in EGFRvIIIexpressing cells (Fig. 5F ). EGFRvIII has been reported to interact with STAT3 in the nucleus and function as a cotranscription factor. 17 Our results suggested that AG490 treatment significantly reduced the expression, and possibly the function, of EGFRvIII and STAT3 in the nucleus, but their interactions in GBM cells require further investigations.
JAK2/STAT3 Signaling Activation Was Vital for Maintaining the EGFRvIII-induced Network and Invasion in Glioblastoma Cells
Further siRNA assays in U87MG-EGFRvIII cells demonstrated that the effective blockage of STAT3 significantly reduced the levels of phosphorylated and total EGFR and JAK2 (Fig. 6A) ; however, the STAT3 knockdown was not as effective as either the AG490 treatment or the JAK2 knockdown for inhibiting cell invasion (Fig. 6B,  2B, 5D ). These data, together with the results from the EGFR and JAK2 knockdown assays (Fig. 5A-D) , implied that EGFRvIII, JAK2, and STAT3 may form an activation loop to promote effective cell invasion (Fig. 6C) . To verify this finding, we compared the effects of JAK2 and STAT3 siRNA as well as AG490 treatment on the mRNA and protein expression of matrix metalloproteinase-2, (MMP2) and MMP9, which were key proteases for effective tumor invasion.
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JAK2 siRNA reduced the levels of these extracellular matrix (ECM)-degrading enzymes significantly, and did STAT3 siRNA and AG490 reduced them to a lesser extent ( Fig. 6D and E) . Furthermore, the EGFRvIII/JAK2/STAT3 axis also promoted cellular signaling that drove tumor cell invasion by forming a focal adhesion complex with FAK and Src ( Fig. 4D and E) . Taken together, we concluded that the activity of JAK2/STAT3 was important for maintaining an EGFRvIII-induced network and cell invasion.
Because treatment with the JAK2/STAT3 inhibitors, including AG490 and WP1066, inhibited GBM cell motility the most effectively, our next step was testing the effect of a Src kinase inhibitor, PP2, on U87MG-EGFRvIII cells for excluding other targets that may inhibit cell invasion more effectively than JAK2. The results showed that PP2 did not inhibit cell invasion and STAT3 activity as effectively as AG490 (Fig. S5, 2B, 3A) , although the inhibition of Src activity by PP2 disrupted EGFRvIII/JAK2/STAT3-associated focal adhesion contacts and, to some extent, the related signaling (Fig. 4F, S5A) . Accordingly, the lower efficacy of EGFRvIII siRNA compared with AG490 may be attributed to its inability to inhibit STAT3 activation (Fig. 5A) . Moreover, we proposed that treatment with up to 100 mM diethyl bromodifluoromethyl phosphonate (DEP), a specific STAT3 kinase inhibitor, was ineffective for inhibiting STAT3 activity and cell motility because the EGFRvIII-JAK2-STAT3 axis was continuously activated in the tested GBM cells (Fig. S6) . While p-STAT3 was significantly diminished, p-FAK and p-ERK1/2 were unchanged in U87MG-EGFRwt cells after 24 hour treatment with 50 mM DEP (Fig. S6A) , which resulted in only moderate inhibition of cell invasion (Fig. S6B) . In summary, efficacy in cell invasion inhibition by the JAK2/ STAT3 inhibitors or JAK2 knockdown was attained by disrupting the EGFRvIIII/JAK2/STAT3 axis and its associated focal adhesion complex in the GBM cells.
Targeting JAK2/STAT3 Therapy Efficiently Suppressed Glioblastoma Invasion and Progression Induced by EGFRvIII Expression in Vivo
We used GBM orthotopic animal models implanted with U87MG-EGFRvIII or -vector cells to determine whether treatment with the JAK2/STAT3 inhibitor, AG490, efficiently inhibited EGFRvIIIinduced tumor invasion and progression in vivo. To verify the best treatment target, we also applied both EGFRvIII-expressing and vector cells that underwent shRNA gene knockdown at JAK2 on the models. During the experiments, the GBM cells were also engineered to stably express firefly luciferase prior to intracranial implantation in order to monitor treatment response and tumor growth status in live animals by bioluminescent imaging. The results indicated that the U87MG-EGFRvIII tumors progressed significantly faster, infiltrated more aggressively, and had a shortened survival time compared with mice bearing vector control tumors (P ,.01, Fig. 1B, 1C, 7A and B) . The U87MG-EGFRvIII mice in the AG490 treatment group and the JAK2 KD (knockdown) group did not exhibit body weight loss until the late stages of the experiment. In contrast, animals in the nontreatment control group and negative control group exhibited progressive body weight loss from the early stages of the experiment due to advanced disease (data not shown). A survival curve demonstrated that AG490 treatment and JAK2 knockdown in the U87MG-EGFRvIII models greatly Zheng et enhanced survival compared with nontreatment and negative control of the same tumor model (P , .001, Fig. 7B) . Furthermore, the expression levels of key factors involved in active tumor invasion were also examined by Western blotting and IHC. The Western blotting results showed that the level of p-JAK2, p-STAT3, p-FAK, or MMP9 was greatly decreased in the U87MG-EGFRvIII mice models that were either treated with AG490 or experienced JAK2 knockdown compared with the level observed in the respective control groups (Fig. 7C) . IHC of GBM models with AG490 treatment or JAK2 knockdown showed consistent results (Fig. S7) . In comparison, however, cell proliferation inhibition by Ki67 expression, and apoptosis detected by TUNEL assays, under the same treatments, showed no significant differences between U87MG-vector and -EGFRvIII mice (Fig. S7) . Although the U87MG-vector mice also benefitted from AG490 treatment or JAK2 knockdown (P , 0.05, Fig. 7B ), the results showed no significant differences between AG490 and the nontreatment control groups or between the JAK2 knockdown and control groups on the expression of those tumor invasion markers (Fig. 7C) . These results greatly corroborated our in vitro findings.
Discussion
EGFRvIII promotes growth and invasion by interacting with many induced or pre-existing signaling effectors in cancers including GBM. Thus, development of targeted therapies for cancers that express this oncogenic protein has been challenging. 35 In our study, we found that EGFRvIII interacted vigorously with JAK2/ STAT3 signaling in the GBM cell U87MG-EGFRvIII, which stably overexpressed the mutant receptor, EGFRvIII. This interaction was facilitated by formation of a focal adhesion complex and activation loop that promoted effective tumor cell invasion and progression. U87MG-EGFRvIII and -vector cells have been analyzed in many other reports. 12, 36 Specifically, our results showed that treatment with a JAK2 kinase inhibitor, either AG490 or WP1066, efficiently disrupted the cellular network and machinery established by the mutant receptor and prevented the aggressive invasion of GBM cells in vitro and the malignant progression of intracranial tumor models in vivo. This effect was not observed with expression of wild-type EGFR or without EGFRvIII expression GBM cells. 
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We observed dramatic changes in morphology and motility in U87MG-EGFRvIII cells, which displayed a more motile and invasive phenotype than vector cells. These findings concur with previously published reports. 7, 37 These features may be strongly related to the cellular machinery linking the dynamic assembly and disassembly of focal adhesions and active cell migration. 32 During these processes, the cell adhesion molecule integrins first bind to the ECM at focal adhesions and attract FAK to facilitate its activation. In turn, this interaction forms an active FAK-Src complex that converges as the focal point for activating many intracellular signaling events, including PI3K/Akt and Ras/ MAPK. 38 Thus, the integrin and growth factor signaling pathways interrelate and overlap significantly. Kim et al. (2011) proposed that integrins colocalized with EGFR at focal adhesions and their associated signaling molecules, such as FAK and Src, to regulate cell functions and activities of downstream effectors such as ERK1/2, Akt, and the Rho GTPases. 38 A previous report clearly demonstrated that FAK formed a complex with the activated EGFR and was required for EGF-stimulated cell motility. 39 Our data demonstrated for the first time that EGFRvIII, JAK2, and STAT3 attached to the FAK-Src complex and focal adhesions to promote enhanced cell motility in GBM cells. This effect was also observed upon expression of wild-type EGFR. In addition, confocal microscopy demonstrated that the focal adhesion marker colocalized with Src or STAT3 in U87MG-EGFRvIII cells, which is in line with previous reports. 34, 40 Our genomic microarray data and analysis corroborated these findings: the expression of EGFRvIII resulted in significant alterations of various integrin dimers and components of the ECM and ECM-degrading proteases (Table 2) , thereby changing the signaling pathways related to cell adhesion and motility in the GBM cells.
Furthermore, we showed that EGFRvIII expression promoted the phosphorylation of JAK2, which then activated STAT3. This finding concurred with previously published reports.
19 -21 Fig. 7 . Evaluating the efficiency of targeting JAK2 therapy in U87MG-vector and EGFRvIII intracranial models. (A) Bioluminescent images from control, AG490-treated, negative control (NC), and JAK2 knockdown (JAK2 KD) groups at 10, 20, and 30 days after tumor cell implantation. (B) Survival curves for all groups of intracranial tumor-bearing mice. * P , .05, vector-AG490 group compared with vector-DMSO group; vector-JAK2 KD group compared with vector-NC group; ** P , .01, EGFRvIII-DMSO group compared with vector-DMSO group; EGFRvIII-NC group compared with vector-NC group; *** P , .001, EGFRvIII-AG490 group compared with EGFRvIII-DMSO group, EGFRvIII-JAK2 KD group compared with EGFRvIII-NC group. (C) Comparisons of p-JAK2 Tyr1007/1008 , p-STAT3 Tyr705 , p-FAK Tyr397 , and their total levels, and MMP9 expression levels by Western blotting in the tumors from each group in vivo. Tumor samples for Western blotting analysis were taken 15 days after tumor cell implantation.
Nevertheless, our data indicated that STAT3 activation primarily depended on the activation of JAK2 rather than EGFRvIII or Src in the tested GBM cells. We also proved that activated STAT3 further enhanced the expression and activity of both EGFRvIII and JAK2, forming an EGFRvIII-JAK2-STAT3 activation loop to strengthen downstream signaling events for tumor invasion, including gene transcription of the ECM-degrading proteases MMP2 and MMP9. 15 Thus, we are the first to show that the ligand-independent activation of EGFRvIII served as a key component of the JAK/STAT system, which functioned to enhance GBM cell invasion. 41 Numerous reports indicated important links between the malignant behavior of cancer cells and the complex interaction of the kinases, including EGFRvIII, JAK2, STAT3, FAK, and Src among others. 11, 42, 43 Our results demonstrated that the EGFRvIII-JAK2-STAT3 axis attached to the FAK-Src complex at the focal adhesion and formed a larger complex to facilitate active cellular signaling and cell motility. Moreover, treatment with AG490 or WP1066 efficiently inhibited the activities of these kinases and disrupted the vital complex in GBM cells. However, the exact interaction between EGFRvIII and STAT3 or other kinases requires further investigations.
Recent cancer reports have indicated that JAK2/STAT3 signaling plays a role in promoting EGFR-associated cancer signaling 44 and progression in high-grade tumors 16, 45 or resistance to anti-EGFR agents. 16, 46 Thus, these reports recommend a combination treatment consisting of anti-EGFR and anti-JAK2/STAT3 signaling agents. 16 Specifically, a report on non-small cell lung cancer indicated that JAK2/STAT3 signaling was required for EGFRvIIImediated oncogenic effects. 47 To the best of our knowledge, we are the first to report the interaction between JAK2/STAT3 activation and EGFRvIII. We also demonstrated that the kinase JAK2 was the most effective target for an optimal target therapy to inhibit invasion of EGFRvIII-expressing GBM cells. However, our study has certain limitations. Although treatment with JAK2/ STAT3 inhibitors, including AG490 and WP1066, significantly decreased cell motility, this decrease was only validated in 2 EGFRvIII-expressing human GBM cell lines and intracranial tumor models. Due to the heterogeneity of GBM tumors, it is unclear whether AG490 treatment is effective on other types of EGFRvIII-expressing GBM cells. Nevertheless, we proved that the EGFRvIII-null and wild-type EGFR-positive GBM cells were substantially less sensitive to the same treatment than EGFRvIIIexpressing cells. In addition, by effective gene knockdown assays at JAK2 in vivo and in vitro, we further verified that the targeted JAK2 therapy most efficiently destroyed the EGFRvIII-induced network in GBM.
In conclusion, we demonstrated that the targeted inhibition of JAK2/STAT3 signaling by JAK2/STAT3 inhibitors significantly suppressed tumor cell invasion and progression by disrupting the EGFRvIII/JAK2/STAT3 axis and related focal adhesion in EGFRvIIIexpressing GBM. Our data may have potential clinical implications for the tailored treatment of GBM patients harboring tumors that express the mutant receptor.
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